Smoke is considered to be the main fire hazard but its production depends on major variables, principally the chemical character and the burning rate of the polymer plus the availability of oxygen and hence ventilation. The main aim of this work is to study the effect of smoke suppressants on flammability and smoke production of flame retarded unsaturated polyester resin-nanocomposites using four different testing regimes representing different fire scenarios. Samples containing zinc borate, zinc stannates, ammonium polyphosphate with and without nanoclay are analyzed for smoke generation using cone calorimetry (well-ventilated fire), a tube furnace (fully developed fire), and a smoke density chamber (under-ventilated fire). Carbon monoxide (CO) and carbon dioxide (CO 2 ) measurements using thermogravimetry-evolved gas analysis (TG-EGA), cone calorimetry, and tube furnace have also been analyzed and compared. Results have confirmed that the production of smoke, CO, and CO 2 depend upon smoke suppressants and fire conditions used during testing samples.
INTRODUCTION
BURNING OF UNSATURATED polyester resin generates dense smoke, which reduces visibility and leads to disorientation particularly in mass transport vehicles. Smoke and toxicity standards for glass fiberreinforced polymeric (GRP) composites used in mass transit systems especially are closely monitored. While these resins burn readily in air, their aromatic contents via species, such as styrene and phthalic acid functionalities, cause significant smoke generation [1] . Typical halogenated flame retardant formulations used for unsaturated polyester systems serve the purpose of reducing flammability but subsequent increase in the corrosiveness, toxicity, and the smoke content of the resultant combustion products are major disadvantages. Increased corrosiveness, toxic potency, and smoke production are of major concern especially when mass loss of material during burning is not compensated for. However, inorganic tin compounds, effective as synergists for these flame retardants, act as smoke suppressants.
Several studies have been reported on the mechanism of action of tin compounds as flame retardants and smoke suppressants for halogenated-polyester thermosets [2] [3] [4] [5] [6] . It is generally believed that zinc and tin partially volatilize as halides during combustion of halogenated polyester resin, thus giving rise to significant vapor phase activity [5] . The combined vapor and condensed phase activities in stannates account for their superior flame retardant and smoke suppressant properties [6] . However, in halogen-free polyesters, Cusack [7] have shown that tin oxides are not effective flame retardants but they tend to be useful in reducing smoke formation by promoting crosslinking of polymer chains during thermal degradation, thus giving rise to increased char yields. Further investigations on inorganic tin compounds, such as zinc stannate and zinc hydroxy stannate revealed that these compounds outperform tin oxides in terms of flame retardancy and smoke suppression via enhanced char formation [5] .
Hornsby et al. report that hydrated fillers, such as alumina trihydrate (ATH), magnesium hydroxide (MH), etc., when used as flame retardants for thermoplastic [8, 9] and thermoset [10] polymers, also act as smoke suppressants. The smoke-suppressant activity of hydrated fillers largely involves carbon formation and its oxidation within the flame itself and the associated reduced thermal feedback results in significant reduction in mass burning rates leaving extensive carbon deposition on the substrate. A major problem with ATH and MH is the high concentrations required and the possibility of reducing these is a challenge if matrix polymer properties are to be optimized. The role of nanoclays is of interest here and Cross et al. [11] have reported that partial replacement of hydrated fillers (e.g., ATH and MH) by zinc hydroxyl stannate (ZHS) greatly enhances fire performance of fillernanoclay synergistic fire-retardant system in the halogen-free EVA formulations as measured by cone calorimetry.
However, in assessing the efficiency of smoke suppressants, smoke evolution results may be influenced by the degree of ventilation during testing. In addition, the mode of decomposition may also vary with specimen size and specific fire condition [12] . Consequently while this study primarily investigates the possible interaction between tin compounds, ammonium polyphosphate, nanoclay and their combined effect on burning and smoke suppressing behavior of unsaturated polyester resin, comparison of various means of assessing smoke will be a major focus. To this end, possible synergistic effects of different smoke suppressants on thermal stability, flammability, and smoke suppression of flame retarded polyester resin have been studied under wellventilated (by cone calorimetry), under-ventilated (using a smoke chamber), and fully developed, under-ventilated (using a tube furnace) fire conditions. Carbon monoxide (CO) and carbon dioxide (CO 2 ) production under different conditions is also reported.
EXPERIMENTAL DETAILS Materials
Resin: Polyester resin -Orthophthalic, Crystic 471 PALV with total styrene content of 45% (Scott Bader, UK) Catalyst: Catalyst M -methyl ethyl ketone peroxide (Scott-Bader, UK) 
Sample Preparation
The polyester-clay nanocomposites have been prepared by in situ intercalative polymerization. Cl 25A (5%, w/w) was gradually added to the polyester resin, while stirring with a mechanical mixer under high shear (900 rpm) for 60 min at room temperature. For samples incorporating flame retardant (FR), 20% w/w APP, with respect to resin-clay mixture was added to the mixture of resin and clay after 20 min of mixing. In order to study the effect of tin compounds, APP was partially replaced by zinc stannate, zinc hydroxystannate, and zinc borate. Actual percentages of various components in the formulations are given in Table 1 . To each formulation 1% (w/w with respect to resin) catalyst was added, laminates were cast and cured at room temperature for 24 h followed by post-curing at 808C for 8 h. The degree of cure for various formulations was monitored by measuring the glass transition temperatures (T g ) of glass reinforced composites using dynamic mechanical thermal analysis (DMTA) [13] . The DMTA results suggested that the T g of polyester resin (T g ¼ 998C) was unaffected in the presence of additives used in this study. Loading levels 5% w/w clay with 20% FR have been used based on an earlier study [14] , where it was observed that 5% w/w clay loading with 20% FR gave the best formulation in terms of processability as well as optimal flame retardant properties. Furthermore, characterization of nanocomposite structure for clay containing samples was carried out by X-ray diffraction method and samples containing Cl 30B showed intercalated structures. Detailed analysis of X-ray diffraction studies on unsaturated polyester containing nanoclays is reported in an earlier publication [14] .
Equipment

Cone Calorimetry
Cone calorimetric measurements were carried out on cast laminates measuring 100 Â 100 Â 3 mm 3 using a Fire Testing Technology Ltd instrument. The samples used here (thickness: 3 mm AE12%) are classed as thermally thin samples according to the ASTM E1354/ISO 5660 standard for cone calorimetric testing [14] . An incident heat flux of 50 kW/m 2 was used to represent a well-ventilated developing fire condition. The cone calorimeter measures the optical density of the smoke by monitoring the intensity of light transmitted from a heliumneon laser beam located in the exhaust duct. Yields of CO and CO 2 were measured using a CO-CO 2 gas analyzer located in the exhaust duct.
Smoke Chamber
Smoke measurement under static conditions has been carried out according to ISO 5659 using a smoke chamber (Fire Testing Technology Ltd., UK). 75 Â 75 Â 3 mm 3 samples were each exposed to a radiant heat source of 50 kW/m 2 in a closed chamber. Each test was run in an initial flaming mode by application of a pilot flame, which was removed as soon as the sample ignited. Time-to-ignition (TTI) was recorded manually. The ISO 5659 standard does not include gas analysis, however, a gas sample was collected in a Tedlar bag using a vacuum box outside the smoke density chamber. A gas sample was collected after 150 s sample exposure to radiant heat flux and semi-qualitative gas analysis particularly for CO and CO 2 concentrations expressed as percentage was carried out using IR analyzers.
Tube furnace
In order to study smoke production and yields of CO 2 and CO in a fully developed fire condition with low ventilation, samples were tested Effect of Smoke Suppressants on Flammability and Smoke Production using the IEC 60695-7-50 tube furnace method [15] which uses the Purser Furnace [16] . The apparatus and the operating principle are described elsewhere [17] . Primarily, the Purser Furnace consists of a tube furnace through which a sample is driven at a fixed rate while compressed air is supplied at a constant feed rate [16, 18] . The furnace temperature was maintained at 8258C and sample feed rate was set to 1 g/min by loading the sample boat which traversed the furnace at a speed of 35.6 mm/s. The central region of the furnace is hotter than the entrance which is just above ambient temperature. Ignition of the sample occurs when the sample enters that part of the furnace which is hotter than its ignition temperature, thus minimizing chances of flashover. According to the ISO 19700 tube furnace standard, the test conditions described in the IEC 60695-7-50 tube furnace method relates to global equivalence ratio of about 2 [15] . The density of smoke is measured using a laser beam. Carbon dioxide concentrations were monitored using non-dispersive infrared analyzers and CO evolution by using an electrochemical cell.
Thermal Analysis and Evolved Gas Analysis
A resin formulation of 5 mg (AE0.5) was subjected to a heating rate of 108C/min under a flowing air (at a rate of 40 cm 3 /min) using a Polymer Laboratory TG1000 instrument. The concentrations of CO and CO 2 evolved from the TG furnace were monitored using a non-dispersive infrared gas analyzer and the concentration of oxygen was monitored by an electrochemical cell oxygen sensor. The TG furnace and the gas analyzer cell were connected by an unheated transfer line. The gas analyzer records evolved gas concentrations as percentage volume concentrations in the purge gas with respect to time, whereas mass loss in TGA is recorded as a function of temperature. The time delay in detection of gases by the gas analyzers has been accounted while establishing the relationship between time and temperature [19] .
RESULTS AND DISCUSSION
Effect of Smoke Suppressants on Flammability of Polyester-Nanocomposite Samples
The flammability properties of polyester resin with various flame retardant formulations have been studied using cone calorimetry.
The raw cone calorimeter outputs are plotted in Figure 1 for the various resin formulations and the derived data are given in Table 2 .
Incorporation of ammonium polyphosphate at 20% (w/w) level significantly decreases the peak heat release rate (PHRR) of unsaturated polyester resin from 1153 to 456 kW/m 2 . Partial replacement of APP with zinc borate slightly increases ignition time (TTI) and decreases PHRR further from 456 to 404 kW/m 2 . Fire growth rate index (FIGRA) which is defined as the ratio of PHRR and the time at which PHRR occurs [14] is significantly reduced from 5.0 to 2.3 kW/s. The delay in TTI of the Res/APP/ZB formulation is caused by the formation of a coherent char on the surface of the sample thus restricting the volatile gas escape into the flaming zone. It has been reported that cross-linking of APP is enhanced in the presence of zinc borate [20] and this results in reduced heat release rate and slower burning compared to Res/APP (see Figure 1 (a) and (c)). However, partial replacement of APP by zinc stannate and zinc hydroxy stannate does not show any beneficial additional flame retardant effect. On the contrary, reduced flame retardancy levels (as PHRR) can be noted in Table 2 probably because of reduced amounts of APP in Res/APP/ZS and Res/APP/ZHS formulations. This suggests that stannates of zinc in combination with APP do not promote the latter's ability to promote char by cross-linking of APP (see Figure 1 (c)) and hence do not improve flame retardancy.
The effect of incorporating nanoclays in flame-retardant polyester resin has been thoroughly investigated and reported elsewhere [14] where it has been shown that the improved flammability properties of polyester-clay hybrids are not always dependent on formation of an intercalated or exfoliated nanocomposite structure (as characterized by X-ray diffraction). It was suggested that the improvement in fire performance might be due to physicochemical adsorption of the volatile degradation products by the silicates which in turn is dependent on the organic modification of montmorillonite [14] . In the present study, addition of Cloisite 25A to all FR formulations, except Res/APP/ ZHS/Cl 25A, does not show significant positive effect on heat release properties of flame retarded resin. On the contrary, changes in PHRR, FIGRA index together with effective heat of combustion (H c ) values suggest a general reduction in flame retardant properties of resin formulations containing nanoclay with respect to clay-free analogues. Only in the case of Res/APP/ZHS/Cl 25A sample, does the clay assist in lowering the PHRR and FIGRA values compared to the clay-free analogue, while THR and H c values remain unchanged.
Effect of Different Techniques on Smoke Measurements
Smoke is a combination of complete (CO 2 , H 2 O, and acidic gases) and incomplete (soot, CO, and partially oxidized volatile fuels) combustion products that occurs when either oxygen concentration is low or there is insufficient reaction time or temperature in the flaming zone; flame retardants often exacerbate these conditions. Thus, smoke evolution rate and density depends on ventilation and the burning rate of the polymer, i.e., it depends on the fire model. Furthermore, static and dynamic measurements of smoke generated during burning can be determined by several methods which generally involve measurement of the fraction of light obstructed by smoke particulates evolved from the burning material.
Cone Calorimetry
The cone calorimeter generates smoke data which can be expressed in different units. The cone calorimeter software reports smoke generation in terms of rate of smoke volume released (L/s). Smoke release curves as Table 3 . Total smoke volume (TSV) released is calculated by integrating the smoke release curve over 4 min time and has the units in liters (L). Smoke release curves typified by those in Figure 1 (b) generally follow the trends of respective HRR curves as shown in Figure 1 (a). It can be noted from Figure 1 (b) that the pure resin burns vigorously to give a peak smoke release rate (RSR) of 62.6 L/s followed by sharp decline in smoke release as the sample is completely consumed by this time. The peak smoke release values of all FR formulations in Table 3 are reduced to 30-50 L/s with highest smoke suppression activity seen in the Res/APP/Cl 25A sample. However, the total smoke release values in Table 3 do not show significant differentiation amongst the respective similar sets of formulations with and without clay present.
Specific extinction area (SEA, m 2 /kg) is defined as the total obscuration area per unit mass of sample consumed in the fire and is generally expressed as Avg. SEA over a period of time. It can be seen from Table 3 and Figure 2 (a) that SEA values for all flame retarded formulations and those containing smoke suppressants, except for Res/APP/ZS, are greater than the pure resin value. Since the SEA values are mass dependent and do not take into account the rate at which smoke is produced, this parameter is not a true indicator of smoke generation. The mass effect can be eliminated if smoke is expressed 
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directly in terms of visibility using units of optical density or of Obscura where 1 obscura (Ob) is equivalent to human visibility of %10 m. The cone calorimeter expresses smoke production rates as the smoke obscuration produced per unit area of sample (m 2 /m 2 ). Total smoke released (TSR), in column IV of Table 3 is the cumulative smoke yield over 4 min time period. This parameter is indicative of the amount of smoke generated in a full-scale fire [21] . It can be noted from Table 3 and Figure 2 (b) that generally, total obscuration produced per unit area of the sample, does not show significant difference (mainly reductions up to maximum 20% values) amongst the samples (note the scale in Figure 2(b) ). Therefore, to obtain more useful parameters of measurements and to compensate for incomplete combustion of FR samples which apparently give higher SEA values, derived magnitudes of smoke obscuration can be calculated using respective rates of heat release from samples [22] . Average smoke parameter and average smoke factor values in Columns V and VI of Table 3 are calculated using respective sample peak heat release values. Smoke parameter (SP) is the product of the peak rate of heat release (PHRR) and the specific extinction area (SEA) whereas smoke factor (SF) is the product of PHRR and total smoke released (TSR).
The smoke parameters introduced above and plotted in Figure 2 are discussed in greater detail below:
(a) Effect of flame retardant: When smoke is expressed as specific extinction area (see Table 3 and Figure 2 (a)), samples Res/APP and Res/Cl 25A/APP show increases in average SEA values with respect to pure resin. Since the mass losses for samples containing APP are less than for resin (see Figure (1(c) )), the average SEA values for Res/APP and Res/Cl 25A/APP samples are higher. However, when expressed as TSR (see Table 3 ), all the formulations with APP show slight reductions in TSR values compared with pure resin, whereas significant reductions in SP as well as SF values can be noted. This is mainly due to reduced PHRR of all the samples containing APP as compared to very high value for resin (see Table 2 ). Table 3 ) suggesting that enhancement in char due to addition of nanoclay is not sufficient to counteract the reduced flame retardancy and hence add to the smoke suppression resulting from the reduced amount of APP present (see Table 1 ).
Smoke Chamber
Owing to the limitation of sample availability, only selected formulations were tested in the smoke chamber. Smoke obscuration was measured using visible light and a photocell which has a response simulating the human eye. Optical density (Ds) is expressed as a function of time and mass loss is also recorded. Time taken to reach maximum optical density (t max Ds) has also been recorded. The density of accumulated smoke is measured and expressed as maximum smoke density (D max ) and mass optical density (MOD). Mass optical density is a quantity similar to SEA recorded by the cone calorimeter. While cone calorimeter software quotes cumulative smoke yield over duration of the test, the smoke chamber results are calculated from the maximum optical density of the smoke accumulated during a test [23] .
Smoke emission data (see Table 4 ) obtained with samples exposed to a heat flux of 50 kW/m 2 shows that, in the flaming mode, APP itself is a good smoke suppressant after ignition. It increases TTI and the time to maximum optical density (t max D s ) also increases. Specific optical density (D s ) recorded at 90 s is reduced significantly from 1320 for pure resin to 422 for the Res/APP formulation. The mass optical density (MOD) for Res/APP formulation is reduced by 20% compared to pure resin but not as significantly as the D s value. This is because MOD takes into account mass loss of the sample and mass loss for Res/APP sample at 90 s is only 15% compared to 42% mass loss for a pure resin laminate.
When compared with the Res/APP sample, D s values at 90 s are higher in case of samples where APP is partly replaced by smoke suppressants. This is because greater mass is decomposed (compare char residues at 90 s in Table 4 ) as compared to Res/APP and hence a higher amount of smoke produced. However, when expressed as smoke obscuration produced per unit mass of sample burned (MOD), the smoke suppression activity of the zinc compounds is evident. Mass optical density is significantly reduced from 524 m 2 /kg in Res/APP to 396-390 m 2 /kg as the mass loss at 90 s is increased to 25-26% when a fraction of APP is replaced by the zinc stannates and zinc borate. This confirms previous cone calorimetric observations that zinc compounds do not improve flammability but assist in reducing smoke generation. Inclusion of nanoclay increases the time to reach maximum optical density (see Table 4 ) and further reduces the mass optical density from 396 (for Res/APP/ZB) to 353 m 2 /kg. The reduction in D s value could be due to formation of protective silicate layer on the polymer surface, thus inhibiting the volatiles from escaping into the flaming zone. This results in incomplete combustion of the sample in the closed chamber with limited oxygen availability and since the sample does not burn completely, the amount of smoke generated is reduced.
Comparing the average SEA values from cone calorimetric measurements in Table 3 and mass optical density (MOD) values from smoke chamber in Table 4 , it can be noted that pure resin produces higher amount of smoke in an under-ventilated, oxygen-deficient atmosphere compared to well-ventilated fire conditions in the cone calorimeter. However, smoke generation for flame retarded samples with and without smoke suppressants is significantly lower in the smoke chamber compared to cone calorimetry. This suggests that APP and zinc compounds are more efficient in suppressing smoke formation in an under-ventilated fire. Higher values of smoke for flame retarded samples in cone calorimetry are due to complete combustion of the sample whereas in an oxygen-deficient atmosphere, the FR samples do not burn completely and hence lower amounts of smoke generated.
Tube Furnace
Only three samples were selected to study the smoke formation, and CO and CO 2 production in a fully developed fire scenario with low ventilation conditions. The particular fire condition of a fully developed fire with low ventilation, as defined by the IEC 60695-7-50 tube furnace method [15] is obtained by adjusting the primary air flow to 2.7 L/min and the secondary air flow at 47.3 L/min. Primary air feed rate corresponds to the air supply at the entrance of the tube furnace, whereas the secondary air supply to the mixing chamber at the far end of the furnace ensures adequate mixing of the effluent gases. Different fire conditions were obtained by altering the ratio of primary to secondary air feed rate and furnace temperature as described in IEC 60695-7-50 [15] .
The results obtained from the tube furnace experiment are graphically presented in Figure 3 and the values are summarized in Table 5 . Intensive experimental study [17] has shown that there is no need to repeat the tube furnace experiments as long as the steady-state burning condition is for at least 5 min. The steady-state condition was defined as the time period over which the concentration of effluent gases monitored is stable.
The oxygen consumption curve in Figure 3 (a) shows that the pure resin ignites at 7.5 min and the flame retardant formulation (Res/APP/ZB) does not show any significant change in TTI. However, for the samples containing nanoclay, ignition seems to have occurred slightly earlier compared to pure resin as is often noted in cone calorimetry following the addition of nanoclays [24] . Flame retardant effects in Res/APP/ZB and Res/APP/ZB/Cl 25A formulations are seen where samples start to extinguish before the control sample. Char residues obtained at the end of the test are slightly improved for Res/APP/ZB, but addition of nanoclay has greatly enhanced char formation (see Table 5 ).
Optical density (O.D.) curves as a function of time are given in Figure 3(b) whereas O.D. values given in Table 5 the char values which are also very similar. This suggests that the FR loading of 20% w/w is not sufficient to suppress flammability and smoke formation of the unsaturated polyester resin when tested under fully developed fire with low ventilation conditions. However, addition of 5% w/w of nanoclay reduces smoke formation by retaining more carbon in the char.
CO and CO 2 Production
The measurement of CO and CO 2 in conjunction with smoke is significant from two perspectives. First, because, CO and CO 2 are major constituents of fire gases and higher concentrations of CO in a densely smoking fire can lead to carbon monoxide poisoning due to hindered escape. Second, analysis of oxides of carbon (CO and CO 2 ) generated during burning of polymer can provide valuable information on the mechanism of decomposition of a polymer. Lower values of the CO 2 /CO ratio suggest inefficiency of combustion inhibiting the conversion of CO to CO 2 . Furthermore, CO and CO 2 productions are dependent on availability of oxygen, chemical constituents of the polymer, and the temperature of the fire [25] . Therefore, CO and CO 2 evolution for various flame retardant formulations in different fire conditions have been compared and reported here.
CO and CO 2 Production in Cone Calorimetry (Well-ventilated Fire Conditions)
The cone calorimeter measures CO and CO 2 gases from the fire effluents, which are extracted at a flow rate of 24 L/min, using nondispersive infra red detectors located at the end of flow duct. Babrauskas [26] has suggested that the yield of CO and CO 2 (in unspecified units) from burning materials is related to the HRR properties. As with smoke data, the cone calorimeter software reports CO and CO 2 in different units as plotted in Figure 4 as a function of time. Carbon dioxide and carbon monoxide concentrations expressed as percentage in the effluents (% for CO 2 (Figure 4(a) ) and ppm for CO (Figure 4(d)) ) and rates of evolution (g/s) (in Figure 4(b) and (e)) follow similar trends as heat release rates (see Figure 1(a) ), except for the fact that CO curves in Figure 4 (d) and (e) show a second peak towards the end of the burning period. This is because CO is a major reaction product of the incomplete combustion of volatiles towards the end of the fire [25] . However, when expressed as a fraction of amount combusted (kg/kg), the CO and CO 2 curves (Figure 4 (c) and (f)) are different from the HRR curves. The CO and CO 2 yields are not significant in the early burning period because mass loss rate is higher giving lower values of CO and CO 2 in kg/kg. Furthermore, since the kg/kg values are mass dependent, they do not indicate the rate at which CO and CO 2 are produced and hence not true indicators of CO and CO 2 formation. Total amounts of CO and CO 2 in grams and average concentrations in percentage are given in Table 2 along with their corresponding CO 2 /CO ratios and these are plotted as percentage changes with respect to pure resin in Figure 5 . These indicate that both CO 2 /CO ratios show similar changes compared to the pure resin. For the purpose of this study and in order to compare CO and CO 2 production in different fire conditions, only CO and CO 2 percentage values are discussed here.
From Table 2 it can be noted that addition of flame retardant (APP) to the pure resin reduces formation of both CO and CO 2 percentages in the effluent gases. However, the CO 2 /CO ratios in Columns 9 and 12 for Res/APP are noticeably smaller than that of pure resin despite the high flow rate of air passing through the fire test chamber in the cone calorimeter which ensures availability of sufficient oxygen to produce CO 2. This suggests that relatively larger amounts of CO are produced due to incomplete combustion of the polymer in the presence of flame retardant. Incorporation of smoke suppressants, in general, decreases formation of CO compared to Res/APP, but the CO 2 /CO ratio is increased significantly, even greater than that for the pure resin. This suggests that majority of the CO formed is oxidized to CO 2 in the well-ventilated fire condition. The oxidation reactions are more efficient for the formulation where APP is partly replaced by smoke suppressants since percentage CO 2 values increase further. Addition of nanoclay has slightly reduced the formation of CO and increased formation of CO 2 compared to respective Res/APP/SS formulations, suggesting first the retention of carbon in the char in the presence of nanoclay [27] and second more efficient oxidation of CO in the well-ventilated atmosphere of the cone calorimeter. As mentioned earlier, the semi-qualitative analysis of combustion gases from the smoke chamber, particularly the CO and CO 2 has been carried out using IR analyzers and their concentrations have been expressed as percentages in Table 4 . The concentrations of CO and CO 2 in the gas sample collected after 150 s of sample exposure represents the post-t max D S concentrations i.e., when the conditions in the smoke chamber are deemed to have reached maximum smoke formation. It can be seen from Table 4 that Res/APP produces very much reduced amounts of CO and CO 2 , because most of the carbon is retained in the char as shown by this sample having the highest value of char residue (85%) and lowest optical density (Ds ¼ 422). The CO 2 /CO ratio for Res/APP is also reduced significantly compared to pure polymer suggesting relatively larger amounts of CO produced due to incomplete combustion of the sample and its char. Partial replacement of APP by smoke suppressants significantly reduces the mass optical density of smoke but does not affect CO and CO 2 values compared to neat resin. However, inclusion of nanoclay in the Res/APP/ZB formulation reduces the CO 2 /CO ratio with lower amounts of CO 2 formed in this under-ventilated fire condition. Lower values of CO 2 /CO may also suggest a gas phase flame retardant mechanism component that inhibits conversion of CO to CO 2 [28] , although the clay could be influencing the solid state, surface oxidation of char and relatively favoring CO formation.
Comparing CO 2 /CO ratios for pure resin and flame retarded polyester resin from cone calorimetry and smoke chamber experiments, it can be noted that for the Res/APP sample, the CO 2 /CO ratio in a well-ventilated fire is reduced only by 15-18%, whereas in the smoke chamber the reduction is significantly greater (47%). This can be attributed to the previously mentioned incomplete combustion of the Res/APP sample under limiting oxygen concentrations. However, partial replacement of APP by zinc compounds shows an increase in CO 2 /CO ratio values compared to Res/APP, both in well ventilated and under-ventilated fires.
CO and CO 2 Production in the Tube Furnace (Fully Developed Fire Conditions)
The CO 2 concentrations in the fire effluents during the tube furnace experiment are recorded at two stages: first from the effluent dilution chamber and from the secondary oxidizer where the gaseous sample from the effluent dilution chamber is further oxidized at 9008C [18] . For the present study, concentrations of CO and CO 2 in the effluent dilution chamber of the tube furnace for pure resin and flame retardant resin formulations have been recorded and given in Table 5 . The concentrations of CO and CO 2 are plotted as function of time in Figure 3 (c) and (d). CO and CO 2 evolutions per gram of initial polymer have also been calculated and given in Table 5 .
Both, the percentage and mass ratio values in Table 5 show that addition of flame retardant and smoke suppressant to the resin, with and without inclusion of nanoclay, slightly reduces the amounts of CO and CO 2 formation. However, the respective CO 2 /CO ratios of both carbon oxides show opposite trends. The CO 2 /CO ratios when expressed as g/g are higher for Res/APP/ZB and Res/APP/ZB/Cl 25A than pure resin which is in agreement with CO 2 /CO ratios obtained for well-ventilated fire conditions. Percentage concentration CO 2 /CO ratios for flame retarded resin formulations are smaller compared to pure resin, however, suggesting lower yields of CO. Since the percentage measurements of CO and CO 2 are averaged over the steady-state burning period, the lower yields of CO for Res/APP/ZB and Res/APP/ZB/ Cl 25A could be the consequence of the number of processes occurring to the polymeric sample during passage through the furnace, with residual organic material yielding additional CO from pyrolysis, thus affecting that lost by oxidation. Moreover, in the tube furnace, the sample experiences stages which are similar to the processes occurring during the flame spread in a fully developed fire [17] .
CO and CO 2 Production in TGA-EGA (Controlled Atmosphere and Heating Rate)
Char residue at 7008C, quantitative and qualitative yields of CO and CO 2 and consumption of oxygen during thermal decomposition of all resin formulations as measured by TGA-EGA, are given in Table 6 . Both, mass ratio and percentage values of CO and CO 2 and their respective CO 2 /CO ratios show similar trends. However for comparative purposes, only the later have been considered.
Evolved gas analysis in conjunction with thermal decomposition of flame retarded polyester resin containing smoke suppressants is discussed in greater detail elsewhere [29] . Decomposition of polyester is known to proceed at around 3008C (see Figure 6 ) by a random scission mechanism to release CO 2 as the major degradation product. Rapid degradation of resin occurs around 3808C and this is also reflected by peak CO 2 evolution at the same temperature (see Figure 6 ). The second peak in the CO 2 and CO curves at 5458C, coincides with the second mass loss step representing oxidation of char. Quantitatively, 1 g of polyester resin yields 0.36 g of CO 2 and 0.04 g of CO, giving CO 2 /CO ratio of 8.4, as shown in Table 6 .
Based on percentage gas measurements, a higher CO 2 /CO ratio of 5.5 is observed and both values suggest efficient oxidative reactions leaving negligible char residue for pure polyester resin. Addition of the condensed phase flame retardant (APP) results in retention of carbon in the char and therefore enhanced char residue as seen in Table 6 . The significantly reduced CO 2 /CO ratio (3.2) for the Res/APP formulation compared to the pure resin indicates the production of relatively larger quantities of CO due to incomplete combustion in the presence of APP. Moreover, in the TGA furnace the supply of oxygen is at a controlled rate and hence the decomposed molecules are not fully burned thus favoring CO in the presence of FR [30] . The CO 2 /CO ratio for Res/ APP and Res/APP formulations containing smoke suppressants are comparable suggesting that despite the generally lower flame retardancy due to the reduced amount of APP in Res/APP/SS formulations, oxidation of CO to CO 2 is still restricted in a controlled oxygen atmosphere.
In the presence of nanoclay, the Res/APP/ZB/Cl 25A formulation shows significantly reduced oxygen consumption indicating the formation of a barrier of clay platelets that prevent permeation of surrounding atmospheric oxygen to the underlying polymer and assists in increasing char levels during thermal decomposition. However, the slightly higher yields of CO 2 for Res/APP/ZB/Cl 25A sample could be a consequence of surface clay-catalyzed CO oxidation.
In summary, percentage and mass ratio comparison of CO and CO 2 production in the different fire conditions show similar trends. CO and CO 2 measuring techniques having different degrees of ventilations principally show that in the presence of APP, larger amounts of CO are 
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formed due to incomplete combustion giving lower CO 2 /CO ratios compared to pure resin. Resin formulations containing zinc compounds, however, show higher CO 2 /CO ratios in well-ventilated fire conditions compared to under-ventilated or fire conditions with limited amounts of oxygen supply.
CONCLUSIONS
It is evident that while tin additives seem to have very little influence on flammability of unsaturated polyester resin, they do reduce smoke formation as expected. The slight flame retardant action of the Res/APP/ ZB sample is due to enhanced cross-linking of APP in the presence of zinc borate, whereas stannates of zinc do not promote cross-linking of APP and hence show no improvement in flame retardancy. The effect of nanoclay in improving flame retardancy of unsaturated polyester resin is minimal in the well-ventilated fire conditions and high incident heat flux encountered in cone calorimetry.
Detailed analysis of smoke measurements using cone calorimetry suggests that heat release rate-derived smoke parameters are better indicators of smoke generation. The derived smoke parameters also compensate for incomplete combustion of flame retarded samples in calculating smoke formation. Under well-ventilated fire conditions, using derived smoke parameters, cone calorimetry results indicate that APP itself is a good smoke suppressant and in the presence of ZB and ZS there is further smoke suppression. Furthermore, APP and zinc compounds are more efficient in suppressing smoke formation in an under-ventilated closed smoke chamber as compared to well-ventilated fire conditions. In the fully developed fire with low ventilation however, the FR loading of 20% (w/w) with or without zinc borate is not sufficient to suppress both flammability and smoke formation. However, the effect of nanoclay is prominent in suppressing smoke in the fully developed fire condition by retaining more carbon in the char. Incorporation of a nanoclay in the flame retarded Res/APP shows reductions in smoke formation in both well-ventilated and underventilated fire conditions, although, in the presence of smoke suppressants, nanoclay is not instrumental in further suppressing smoke formation.
It is evident, therefore, that in the present study, the amount of carbon retention in char and CO and CO 2 evolution, as well as smoke formation, is dependent on the fire model used as are the efficiencies of smoke suppressants.
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